The firing activity of striatal cholinergic interneurons (CINs) is a neural correlate of conditioned learning. However, its circuitry is not entirely described. Here we report that midbrain GABA and Glutamate neurons discriminate auditory cues and encode the association of a predictive stimulus with a footshock. Through their mono-and di-synaptic inputs via the thalamic-parafasicular sub-nucleus onto CINs, they contribute to processing fear learning.
Introduction
In the Basal Ganglia, the peculiar firing activity of dorso-medial CINs is largely recognized as a key component in fear learning processing [1] [2] [3] . In terms of input circuitry involved in such neuronal encoding we propose that midbrain GABA and Glutamate cells may play a significant role. Indeed, GABA neurons have been shown to mono-synaptically inhibit accumbal cholinergic interneurons and optogenetic activation of this pathway led to enhanced performance in a fear conditioning task 4 . Furthermore, both GABA and Glutamate cells are excited by aversive stimuli [5] [6] [7] [8] .
Results
To validate our hypothesis, we first imaged the activity of midbrain cells while mice performed a classical fear conditioning task (Figure 1, Movie 1 ). AAV1-CamK2a-GCaMP6m was injected in the midbrain and a GRIN-lens implanted above ( Figure 1A-1C ).
Eight to ten weeks post-surgery, mice underwent a fear conditioning paradigm ( Figure 1D ).
They exhibited low baseline contextual freezing levels ( Figure 1E ) and froze significantly more to CS+ as compared to CS-; hence learning that CS+ is predictive of a foot-shock (FS, Figure 1F , 1G). As a proxy for cellular activation, calcium transients were concomitantly imaged. Cells responding to the cues were sparse and distinct ( Figure 1H ).
All imaged neurons were profiled as responsive if their activity to a stimulus was statistically different from baseline. Throughout the learning phase, the proportion of excited neurons to CS+ increased as did the CS+ evoked-freezing levels ( Figure 1I-1N, 1G ). In addition, the amplitude of the calcium responses to CS+ was significantly larger from those of CS-( Figure 1O ) and across days CS+ responses were discriminated from baseline ( Figure 1P ).
On average, midbrain neurons discriminated CS+ from CS-and consolidated this since the proportion of cells engaged in positive discrimination increased over learning ( Figure 1Q ).
We then examined the FS responses; a large majority of imaged cells were excited and their responses also discriminated from baseline (Figure S1A-S1E). Finally, we assessed the ability of midbrain cells to associate the predictive cue with the FS and analyzed the similarity between CS+ and FS responses; applying the Euclidean distance analysis.
Within a conditioning session the distance significantly decreased across pairings ( Figure   S1F -S1H), indicating that the value of CS+ and FS became similar. Most interestingly, it also decreased throughout the learning (Figure S1I-S1J) suggesting that these neurons associate CS+ with FS such that CS+ becomes a predictive stimulus. Although the calcium indicator was expressed in all cell-type, we assumed that the imaged cells were GABA or Glutamate neurons because they exhibited excitation to FS (dopamine neurons show inhibition 5, 7, 9 ) . In addition, counterstaining of the midbrain tissue reveals that cells located within the imaging field of view are tyrosine hydroxylase (TH) negative, so not dopaminergic ( Figure S1K ).
Because similarly to CINs, midbrain cells have the ability to predict the FS; to further confirm their role in CIN's function; we next verified that they form functional synapses between each other ( Figure 2 ). A transsynaptic rabies tracing approach (injection of AAV2/1-DIO-Ef1α-TVA-T2A-CVS11G and EnvA-coated SADΔG rabies into the dorsomedial striatum -DMS-in ChAT-cre mice) was first used to comprehensively explore CINs' afferent diversity (Figure 2A ). Mouse brains were either processed for tissue clearing ( Figure 2B , Movie S2) or sectioned and immuno-stained ( Figure 2C, 2D ). Strong rabies-EGFP labelling was observed in cortical and thalamic regions 3, 10 . Notably, a cluster of neurons was identified in the midbrain ( Figure 2B -2D, Movie S2). These rabies labelled cells were counter-stained against TH and 96% were TH-negative ( Figure 2D ), corroborating our previous assumption that our neuronal population of interest is composed of GABA and glutamate cells. This is further substantiated by our fluorescent in-situ hybridization experiments showing that these neurons do not co-express Vgat/TH (1.4%) or Vglut2/TH (1.8%) ( Figure S2 ).
We also assessed the CIN to midbrain pathway via anterograde tracing and injected AAV1-phSyn1-Flex-tdTomato-T2A-Syp-EGFP in the midbrain of Vgat-and Vglut2-CRE mice ( Figure 2E ). In both cases, dense labelling was observed in the DMS; with synaptophysin signal apposing ChAT-immuno-positive soma. Interestingly the Pf, previously reported as necessary in CIN's function 11 was also heavily innervated ( Figure 2F, 2G ). Finally, we explored the functionality of each sub pathway, expressing ChR2-eYFP in midbrain Vgatand Vglut2-positive cells and recording in vitro light evoked currents from CINs and Pf cells ( Figure 2H ). In all cases, robust monosynaptic currents were recorded as challenged by the successive bath-applications of TTX and 4AP ( Figure 2I-2L ). CINs were identified based on their intrinsic electrophysiological properties (capacitance: 58.7 ± 3.3 pF, Vm: -49.3 ± 1.4 mV, spontaneous firing and Ih current upon hyperpolarization of Vm, Figure 1F , Bennet 2000). In parallel, we verified and confirmed the monosynaptic Pf to DMS pathway applying the same mapping and functional approach ( Figure S3 ). So far, our data report that GABA and Glutamate midbrain neurons encode CS-FS associations and form mono-and di-synaptic contacts (via the Pf) onto CINs.
Our final step was to provide experimental evidence that these sub-pathways are instrumental in fear conditioned learning. We opted for a loss of function optogenetic manipulation of GABA and Glutamate release in the DMS and the Pf. Arch-EYFP was expressed bilaterally in the midbrain of Vgat-and Vglut2-CRE mice and optic fibers implanted in the DMS or the Pf ( Figure 3A, 3B ). We first verified in-vitro that 532nm-green light triggered currents and robust hyperpolarization, as well as blockade of induced-firing in infected neurons ( Figure 3C ). Mice underwent the fear conditioning task ( Figure 3D ). Figure 3E , 3I, 3M, 3Q) showed similar low contextual freezing levels during the first conditioning and test sessions ( Figure 3F , 3J, 3N, 3R) and all control mice froze more on the conditioning day 5. This was concomitant to a higher proportion of freezing to CS+ as compared to CS-on the test day ( Figure 3G , 3K, 3O, 3S) and reflects association of the CS+ with the FS (Movie S3, S4).
Each experimental group (
When GABA release was inhibited in the DMS, Arch-mice froze more to CS-as compared to controls, leading to a lower discrimination index between tones ( Figure 3G, 3H ). This suggests that removal of direct inhibition in the DMS from the midbrain decreases mouse discrimination abilities. When the release of GABA was inhibited in the Pf, Arch-mice exhibited less freezing to CS-hence discriminated better the two stimuli than control mice ( Figure 3K , 3L). When modulating excitatory neurotransmission, inhibition of glutamate release in the DMS produced no difference between mouse groups ( Figure 3O , 3P).
Interestingly when the release of glutamate was inhibited in the Pf, freezing to both CS+ and CS-was low ( Figure 3S ). Arch-mice did not associate the CS+ with the FS ( Figure   3T ). These experiments confirm that each midbrain pathway, direct or indirect via the Pf, is differentially implicated in associative learning and supply CINs with specific information about behaviorally relevant events and strategies.
Discussion
The midbrain encodes reward prediction error and learning (Schultz 1997); here we shed light onto its inhibitory and excitatory components as instrumental for CINs-mediated associative learning. Monitoring midbrain neuronal calcium activity showed that they discriminate salient stimuli and pair predictive cues with aversive outcomes, remarkably reflecting not only the behavioral freezing phenotype but also the cellular activity pattern of CINs. Although the cellular identification per se has not been assessed, the recorded neuronal activity patterns and post-hoc staining data are experimental evidence for large inclusion of GABA and Glutamate neurons rather than dopamine cells. We believe that such mirrored activity of midbrain cells and CINs is not surprising as they are wired together. Indeed, both GABA and Glutamate midbrain cell types send monosynaptic inputs onto CINs. In addition they do also contact the Pf; which itself excites CINs 11 .
Finally, our optogenetic manipulations during fear conditioning provides an undoubtable additional evidence for midbrain role in CINs aversive stimuli encoding. Inhibition of GABAergic projections to the DMS and the Pf triggered opposing behavioral performance, which based on our circuit mapping data was expected. In contrast, glutamatergic neurons showed heterogeneity; with the Pf but not DMS-projecting ones participating in the task.
Manipulation of GABA-and Glutamatergic projections in the Pf induced opposing behavioral responses also in line with the circuitry we report. In-depth investigations of identified synaptic partners (simultaneously midbrain GABA/Glutamate/Pf neurons with CINs and GABA/Glutamate neurons with Pf cells) would be necessary to better understand the precise engagement of each sub-pathway in conditioned learning. Unfortunately, this requires challenging methodologies limited at the moment.
Overall, we provide additional knowledge on the circuitry underlying conditioned fear learning. Inhibitory and excitatory midbrain inputs supply CINs with information to create conditioned associations. The modulation of each pathway during learning alters different aspects of the behavioural response as a whole, suggesting they each contribute to the generation of appropriate behavioural strategies in response to external stimuli. These data may reveal valuable information, specifically when considering circuit-based therapeutical strategies in Basal Ganglia-related cognitive symptoms. 
Surgery
General: Mice were anesthetized with Isoflurane (5% for induction and 1.5% for maintenance) in O2 (Provet/Primal Healthcare, EZ Anesthesia Systems) and placed onto the stereotaxic frame (World Precision Instruments). Lidocaine (0.2mg/g) (Steuli Pharma) was injected subcutaneously above the skull. The skin was disinfected with 70% ethanol and Betadine (Mundipharma) before drilling a hole above the target area and specific constructs were injected into the target areas using a piston operated injector (Narishige).
Optic fiber and gradient-index lens implantation were carried out after injection during the presynaptic terminals with GFP. The animals were sacrificed after 4 to 6 weeks. Brain sections were prepared as mentioned above.
Retrobeads tracing:
To validate the projection of the Pf to the DMS, red fluorescent microspheres (RetroBeads, Lumafluor) were injected bilaterally (150nl/side) into the DMS of adult WT mice. They were sacrificed after 10 days of expression and brain sections prepared as described above. 
Behavior
Fear conditioning: Mice were individually handled (5mins per day for 3 consecutive days)
to habituate them to the experimenter. In the subsequent days following the last handling day, mice were trained (1 session/day) for 5 consecutive days. The animals were then placed into a plexiglass walled box (20cm wide, 22.5 cm long, 11.5cm tall) with an electrical gridded floor (Med Associates Inc) covered with black stripes (context A). Beddings were placed below. The bedding was replaced in between each animal and the box was cleaned between each animal with 70% ethanol. During each training session, the baseline contextual freezing activity was recorded for 2 minutes. Then 5 presentations of auditory conditioned stimulus (85dB, 7 or 12 kHz, counterbalanced) paired to an immediate 2s electric (0.6mA) shock (CS+) or without (CS-) each were presented for 10s in a randomized order, separated by a randomized inter-trial interval (ITI) with a duration between 50 and
150s. The animals were tested in the subsequent day following the last training day. They were placed into another plexiglass walled box (20cm wide, 25cm long, 15cm tall) covered with black polka-dots (context B) and cleaned with 1% acetic acid between each animal.
The baseline contextual freezing to the new environment was also recorded for 2 minutes, following which, 4 instances of CS-and 4 of CS+ tones (85dB, 30s) were presented in sequential order separated with a randomized ITI with a duration between 70 and 130s.
Videos were captured by a camera (The Imaging Source) from above at a fixed sampling rate (10Hz) and recorded mice were tracked with a behavioral acquisition and analysis software ANYMAZE (v5.23, Stoeling) that also controlled the delivery of tones (with Logitech speakers) and electric shocks (Med Associates Inc shock delivery box) with the TTL(time to live)-based master control box.
Freezing episodes lasting more than 1s were detected with the acquisition software and visually confirmed. The resulting freezing values and the timestamps of the CS presentations were exported.
Optogenetic manipulations: During the training days, the animals were restrained and the protruding optic fibers were bilaterally connected to custom-made optic cables (Thorlabs) that were connected via a commutator (Doric) to a 532-nm laser source (SUNON). The lasers are controlled by the behavioral acquisition software via a TTL master box that also controls the presentation of auditory tones and the delivery of electric shocks. The laser power was measured using the power meter (Thorlabs PM100A) and individually adjusted for each animal such that the power emitted from the optic fiber reaches 10mW. The lasers were turned ON continuously during the CS+ tone presentation throughout all five training days in both the control and experimental groups.
Calcium Imaging: On each day of behavioral experimentation, the miniscope mounted mouse was placed in the behavioral chamber and the midbrain calcium transients were recorded continuously with nVoke2 (Inscopix) at a 20Hz sampling rate. Simultaneously with the camera (The Imaging Source) that captures the behavioral movements and the acquisition software ANYMAZE (Stoeling) which also controls the presentation of auditory tones and the delivery of the electric shocks. Parameters such as the LED-power, the gain, and the electronic focus were adjusted on a mouse-to-mouse basis. The alignment of these recordings was made possible by a set of TTL triggers that were delivered by the behavioral acquisition software at the start and the end of the fear conditioning paradigm to the calcium imaging acquisition source. The behavioral paradigm included two pretraining sessions over two days where mice were presented to the contexts and tones in order to record a baseline activity to these cues. The mice were assessed for baseline contextual activity (context B in pre-training day 1 and context A in pre-training day 2) for 5 minutes and then to the two tones (30 seconds in pre-training day 1 and 10 seconds in pre-training day 2) three times each in a randomized order separated with a randomized ITI (between 50 and 150s in pre-training day 1 and between 70 and 130s in the pre-training day 2). In the day following the last pre-training day, the discriminative auditory cued fear conditioning paradigm was run as described previously with the exception that the CStone was pre-defined as the 7kHz tone and the CS+ tone pre-defined as the 12kHz tone.
In addition to the resulting freezing values throughout the behavioral experimentation and the timestamps of the CS presentations, the recorded calcium transients (F/F) with respect to time were exported. the baseline window (10s before tone onset). Average traces were generated and the average transients during the baseline period before the tone onset (10s) were compared to the initial period of tone presentation (also 10s). Cells were characterized either as excited (Wilcoxon rank-sum test p <0.01 and mean delta z-score > 0), inhibited (Wilcoxon rank-sum test p <0.01 and mean delta z-score < 0), or nonresponsive (Wilcoxon rank-sum test p >0.01). Shock responsive cells were characterized in the same manner by comparing the calcium activity 4s before CS+ presentation and 4s after the onset of the shock.
To examine whether cells could discriminate the presence of cues (CS-, CS+, or shock) or between cues (such as CS-from CS+), receiver operating characteristic analysis were used to calculate a discrimination index (DI, DI = (Area Under the ROC Curve -0.5) x 2) from the distribution of activity during either cue presentation and during the corresponding baseline or from the distribution of activity during CS-presentation and the distribution of activity during CS+ presentation, respectively. The onset of cues was randomly shuffled across the trace (excluding the first 10s and last 14s) 1000 times and a distribution of randomized (DI)s were generated for each comparison. Cells with a DI that is outside of the 90% distribution of the randomized Dis were considered to be able to discriminate between the presentations of specific cue to baseline or to other cues.
To investigate whether the calcium activity pattern during the CS+ presentation is shaped towards the activity pattern of its paired aversive stimulus (shock), Euclidean distance (ED) as a measure of similarity is used and is calculated from the distribution of activity during first 4s of CS+ presentation and 4s following the shock onset for each pair across the training days. Again, the onset of the shock was randomly shuffled across the trace in a similar manner as previously mentioned and an average randomized ED is generated for each CS+/shock pairing per trace. Comparisons were made between the data-driven CS+/shock ED and randomized data-driven CS+/shock ED within and across training days.
the baseline contextual period or during tone presentations across different days were conducted with two-way analysis of variance (ANOVA) with multiple comparisons analyses following Bonferroni's corrections (significance level = 0.05). Comparisons between behavioral discrimination to aversive paired and non-paired tones between control and experimental groups were done using unpaired t-tests (significance level = 0.05). In the analysis of the calcium imaging data, the comparison between calcium transients during tone presentations and time periods before were made with the Wilcoxon rank-sum test (significance level = 0.01). 
Figure Legends

